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Abstract
Background: For effective exposition of biological information, especially with regard to analysis
of large-scale data types, researchers need immediate access to multiple categorical knowledge
bases and need summary information presented to them on collections of genes, as opposed to the
typical one gene at a time.
Results: We present here a web-based tool (FunSpec) for statistical evaluation of groups of genes
and proteins (e.g. co-regulated genes, protein complexes, genetic interactors) with respect to
existing annotations (e.g. functional roles, biochemical properties, localization). FunSpec is available
online at  [http://funspec.med.utoronto.ca]
Conclusion: FunSpec is helpful for interpretation of any data type that generates groups of related
genes and proteins, such as gene expression clustering and protein complexes, and is useful for
predictive methods employing "guilt-by-association."
Background
A large proportion of the online resources compiling in-
formation about gene and protein functions present in-
formation one-gene-at-a-time [1–3]. Interpretation of
large-scale data types, however, often requires a rapid
means to access and present information on large num-
bers of genes simultaneously [4,5]. Recent tools that pro-
vide annotation of gene expression data involve text
mining of biomedical literature [6] and the integration of
a wide variety of data types including Pfam domains,
SWISS-PROT keywords and known pathways (e.g. DRAG-
ON View; see [7]). We have developed an online resource
called FunSpec (for Functional Specification), which uses
information from public databases to evaluate lists of
yeast genes to determine if they are enriched for particular
attributes, using a well-accepted statistical model. The
data tables underlying FunSpec are updated regularly
from major public-domain knowledge sources, and from
our analyses of large-scale data sets. Hence, FunSpec is a
convenient, current, and comprehensive resource for any
application requiring interpretation of groups of genes,
including clustering of microarray expression data, lists of
protein IDs from mass spectrometry, and genetic interac-
tions.
Results
Online database and published data repositories
Yeast, perhaps the most thoroughly-studied eukaryote, al-
ready has a number of comprehensive online databases
containing functional annotation information for close to
two-thirds of all known or predicted open reading frames
(ORFs) in the genome, and numerous large-scale experi-
mental results covering practically every gene/protein (eg.,
[8,9]). In many cases there are links between the data
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gene level. For example, the Comprehensive Yeast Ge-
nome Database at the Munich Information Center for
Protein Sequences (MIPS) lists five catalogues encompass-
ing a curation of several thousand publications and span-
ning functional classification, known protein complexes,
protein classes, mutant phenotypes and subcellular local-
ization [2]. Similarly, the Gene Ontology (GO) Consorti-
um organizes the same information under the
categorizations: Biological Process, Molecular Function
and Cellular Component [10]. Other online knowledge
bases encompass computationally-derived gene proper-
ties, such as domain and motif information (e.g. SMART
[11], Pfam [12]). In addition, there are now mass stores of
high-throughput biological data accumulating from ex-
perimental results such as synthetic lethal [13], protein in-
teractions by yeast two hybrid [14,15] or mass
spectrometry [16,17], immunolocalization [18], large-
scale phenotypic analysis [19], and microarray analysis
(eg., [8]).
A listing of the current databases that can be evaluated
with FunSpec is given in Table 1. The published experi-
mental information that can be queried is given in Table
2. Through our own analyses of recent literature on ribos-
omal RNA processing, additional categories are provided
to elicit enrichment of pre-ribosome components. Also, a
separate category has been added to encompass genes that
are essential for viability [20].
Interpretation of clusters
Upon collection of data resulting in clusters of genes/pro-
teins having similar properties, responses, or other associ-
ations, often a researcher may wish to summarize and
interpret the current state of knowledge of genes in such a
cluster. A cluster of genes can be said to be "functionally
enriched" for an attribute if the proportion of genes with-
in the cluster known to have that attribute exceeds the
number that could reasonably be expected from random
chance. For example, 215 of the 6267 genes in yeast [1]
are known to function in ribosome biogenesis. If, in a
clustering analysis of gene expression profiles, one finds a
cluster of 100 genes to be co-regulated and of those, 60 are
known to function in ribosome biogenesis, then intuitive-
ly the cluster is enriched for ribosome biogenesis (60% in
the cluster versus 3% in the genome). The degree of func-
tional enrichment for a given cluster and category can be
quantitatively assessed by the hypergeometric distribu-
tion [21]. For each category, the probability (p-value) of
observing such an overlap by chance is calculated as:
where G is the size of the genome, C is the number of
genes in the genome having that attribute, n is the size of
the query cluster, of which k are known to possess the at-
tribute.
Table 1: FunSpec-searchable public databases
Resource Website Publication
Munich Information Center for Protein Sequences (MIPS) [http://mips.gsf.de/proj/yeast/CYGD/db/index.html] [2]
Gene Ontology (GO) [http://www.geneontology.org/] [10]
Simple Modular Architecture Research Tool [http://smart.embl-heidelberg.de/] [11]
Protein families database of alignments and HMMs [http://www.sanger.ac.uk/Software/Pfam/] [12]
Table 2: FunSpec-searchable published datasets
Data Type Publication
Protein-Protein Interactions via Yeast Two Hybrid Method [14]
Protein-Protein Interactions via Yeast Two Hybrid Method (core + full datasets) [15]
Synthetic Lethal Interactions via Synthetic Genetic Array analysis [13]
Protein Complex Identification using TAP tagging and mass spectrometry [16]
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then a list of genes (e.g., a cluster) is said to be enriched
for that attribute (see examples below). FunSpec inputs a
list of genes and computes the hypergeometric P-value in
many knowledge sources (MIPS, GO, SMART and Pfam
domains, published protein complexes, 2-hybrid interac-
tions, and subcellular localizations). A Bonferroni correc-
tion may be applied to compensate for multiple testing
over many categories of a knowledge base.
Examples
In this section, we describe instances where FunSpec may
be useful. In Figure 1, a 2-dimensional clustering of gene
expression data from [8], covering 237 genes and 271 ex-
periments is presented. The 76 genes indicated by the red
bar were submitted to MIPS Functional Classification da-
tabase on the FunSpec website. The categories "amino
acid biosynthesis" and "amino acid metabolism" were
deemed most unlikely to occur by chance (p < 10-14 in
both cases). To show the specificity of evaluating clusters
in this manner, the 6 genes indicated in blue (isolated by
visual inspection) have the same overall expression pro-
file as genes generally involved in amino acid metabo-
lism, but with a few distinct differences. FunSpec
identifies these as involved in "methionine metabolism."
(p = 1.0 × 10-7).
Components of purified protein complexes can also be in-
terpreted using FunSpec. It is noteworthy that functional
annotations, most of which are based on phenotypic rath-
er than biochemical data, generally correlate with large
protein complexes in the literature (rand index = 0.94, ad-
justed rand index = 0.15; rand index measures the similar-
ity of two partitions where 0 represents no similarity and
1 is complete correspondence; the adjusted rand index is
a much more conservative measure [22]) (data not
shown). This underscores the utility of interpreting one
data type with information from another [23,24]. Subcel-
lular localization correlates positively with membership
in protein complexes, as would be expected to enable
Figure 1
A 2-D clustering analysis of yeast gene expression data from [8].
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MIPS database, 17% are enriched (P < 0.01) for a specific
subcellular compartment in the Kumar experimental data
[18], in comparison to 1% for random lists of proteins
with the same size distribution) (data not shown). For
newly-identified complexes, FunSpec provides not only
information about localization and potential function,
but also a measure of confidence regarding the biological
validity of the complex.
Discussion
The current FunSpec implementation utilizes the hyperge-
ometric distribution (following [21]), which assumes in-
dependent tests (i.e. each gene has a single classification).
In reality, the MIPS and GO categories are hierarchical. We
are currently considering other statistical models to ac-
count for the hierarchical nature of the categorization, as
well as alternatives to the Bonferroni correction (eg. False
Discovery Rate [25]).
There are other methods of determining significance (e.g.
binomial distribution [26]; representation factor [27])
and other means of relating clusters to functional annota-
tion (e.g. associated terms and phrases in Medline ab-
stracts [6]) but the hypergeometric distribution has
proven to be the simplest to use. The advantages of Fun-
Spec over current tools is the integration of many relevant
and recent data sources and a convenient website ena-
bling the user to explore special features of gene groupings
quickly and exhaustively.
In the near future, as more functional annotation infor-
mation becomes available for other organisms such as
mouse and human, the FunSpec resource will be updated
to accommodate the new knowledge bases on these or-
ganisms, presumably including a great deal of new exper-
imental data. The underlying assembly of categorical
annotations is useful on its own and can be downloaded
from the FunSpec web site as a text file.
Conclusions
FunSpec takes clusters (or any collection of genes or pro-
teins) and identifies attributes (based on prior knowl-
edge) for which the cluster is enriched. In our own
research we use FunSpec routinely for rapid interpretation
of all clusters in full-genome clustering analyses, as well as
for "guilt-by-association" predictive methodologies (e.g.
[5,8,28]). We and others have also found it useful as a fil-
ter for prioritizing screening hits, interpreting genetic in-
teractions, and selecting thresholds/boundaries for
membership in protein complexes (data not shown).
Methods
The FunSpec backend is implemented in C++. Upon re-
ceiving the information from the web page, the relevant
databases are queried, the statistics are calculated and the
results are sent back to the user. At present, the databases
are stored in flat text files.
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